Two new nine-dimensional potential energy surfaces (PESs) have been generated using high-level ab initio theory for the two main isotopologues of methyl chloride, respectively. An analysis of the combined effect of the HL corrections and CBS extrapolation on the vibrational wavenumbers indicates that both are needed to compute accurate theoretical results for methyl chloride. We believe that it would be extremely challenging to go beyond the accuracy currently achieved for CH 3 Cl without empirical refinement of the respective PESs.
Two new nine-dimensional potential energy surfaces (PESs) have been generated using high-level ab initio theory for the two main isotopologues of methyl chloride, CH 3 35 Cl and CH 3 37 Cl. The respective PESs, CBS-35 HL and CBS-37 HL , are based on explicitly correlated coupled cluster calculations with extrapolation to the complete basis set (CBS) limit, and incorporate a range of higher-level (HL) additive energy corrections to account for core-valence electron correlation, higher-order coupled cluster terms, scalar relativistic effects, and diagonal Born-Oppenheimer corrections. Variational calculations of the vibrational energy levels were performed using the computer program TROVE, whose functionality has been extended to handle molecules of the form XY 3 Z. Fully converged energies were obtained by means of a complete vibrational basis set extrapolation. The CBS-35 HL and CBS-37 HL PESs reproduce the fundamental term values with root-mean-square errors of 0.75 and 1.00 cm −1 respectively. An analysis of the combined effect of the HL corrections and CBS extrapolation on the vibrational wavenumbers indicates that both are needed to compute accurate theoretical results for methyl chloride. We believe that it would be extremely challenging to go beyond the accuracy currently achieved for CH 3 Cl without empirical refinement of the respective PESs.
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I. INTRODUCTION
Methyl chloride has been proposed as an observable biosignature gas in the search for life outside the Solar System. 1 A model of different hypothetical Earth-like planets orbiting a range of M stars predicted that a higher concentration of CH 3 Cl would exist than on Earth, and with stronger spectral features. Seager et al. have since gone on to classify CH 3 Cl as a Type III biomarker -a molecule produced from a secondary metabolic process -and estimated the required concentration needed for a realistic detection in a generalized oxidized atmosphere, 2 and for an exoplanet with a thin H 2 rich atmosphere and a habitable surface temperature. 3 The rotation-vibration spectrum of CH 3 Cl has received increased interest as a result.
A highly accurate and comprehensive line list is lacking for methyl chloride, with varying coverage in the spectroscopic databases. [4] [5] [6] [7] The HITRAN database 4 is the most extensive, containing over 100 000 transitions for each of the two main isotopologues, 12 CH 3 35 Cl and 12 CH 3 37 Cl (henceforth labelled as CH 3 35 Cl and CH 3 37 Cl), in the range 0 to 3200 cm −1 . Although the latest update HITRAN2012 has seen improvements, notably around 3000 cm −1 , 8 there are still deficiencies with certain line positions and intensities taken from an empirically refined theoretical anharmonic force field.
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Due to its prominent role in depletion of the ozone layer, levels of methyl chloride are being closely monitored by satellite missions such as the Atmospheric Chemistry Experiment 10-13 and the Microwave Limb Sounder. 14 A number of recent publications focusing on line shapes and broadening coefficients, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] needed for a realistic modelling of atmospheric spectra, confirm its terrestrial importance. The 3.4 µm region is particularly relevant for atmospheric remote sensing due to a relatively transparent window and strong spectral features of the ν 1 band of CH 3 Cl. A high-resolution study of the ν 1 , ν 4 and 3ν 6 bands in this region produced a line list for the range 2920 to 3100 cm −1 . 8 The 6.9 µm region has seen line positions, intensities, and self-broadening coefficients determined for more than 900 rovibrational transitions of the ν 5 band. 23 Its quality not only dictates the accuracy of line positions, but is also crucial for achieving significant improvements in calculated band intensities. 49 Achieving "spectroscopic accuracy" (better than ±1 cm −1 ) in a purely ab initio fashion is extremely challenging due to the limitations of electronic structure methods. To do so one must account for higher-level (HL) electron correlation beyond the initial coupled cluster method when generating the PES, and use a one-particle basis set near the complete basis set (CBS) limit. Core-valence (CV) electron correlation, scalar relativistic (SR) effects, higher-order (HO) electron correlation, and the diagonal Born-Oppenheimer correction (DBOC) are considered to be the leading HL contributions.
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The goal of this study is to use state-of-the-art electronic structure calculations to con-struct a global PES for each of the two main isotopologues of methyl chloride, CH 3 35 Cl and CH 3 37 Cl. This requires inclusion of the leading HL corrections and extrapolation to the CBS limit. The quality of the respective PESs will be assessed by variational calculations of the vibrational energy levels using the computer program TROVE. 51 To obtain fully converged term values we will exploit the smooth convergence of computed energies with respect to vibrational basis set size, and perform a complete vibrational basis set (CVBS) extrapolation. 52 By using a range of theoretical techniques we aim to find out exactly what accuracy is possible for a molecule such as methyl chloride.
The paper is structured as follows: In Sec. II the ab initio calculations and analytic representation of the PES are detailed. The variational calculations will be discussed in Sec. III, where we assess the combined effect of the HL corrections and CBS extrapolation on the vibrational term values and equilibrium geometry. We offer concluding remarks in Sec. IV.
II. POTENTIAL ENERGY SURFACE

A. Electronic structure calculations
We take a focal-point approach 53 to represent the total electronic energy,
which allows for greater control over the PES. formula,
originally proposed by Hill et al. 59 The coefficients F The energy correction from core-valence electron correlation ∆E CV was calculated at the CCSD(T)-F12b level of theory with the F12-optimized correlation consistent core-valence basis set cc-pCVQZ-F12. 65 The same ansatz and ABS as in the frozen core approximation computations were used, however we set β = 1.5 a
0 . All-electron calculations kept the (1s) orbital of Cl frozen with all other electrons correlated due to the inability of the basis set to adequately describe this orbital.
Core-valence and higher-order electron correlation often contribute to the electronic energy with opposing signs and should thus be considered jointly. We use the hierarchy of coupled cluster methods to estimate the HO correction as ∆E HO = ∆E T + ∆E (Q) , including the full triples contribution ∆E T = E CCSDT − E CCSD(T) , and the perturbative quadruples contribution ∆E (Q) = E CCSDT(Q) − E CCSDT . Calculations were carried out in the frozen core approximation at the CCSD(T), CCSDT and CCSDT(Q) levels of theory using the general coupled cluster approach 66, 67 as implemented in the MRCC code 68 interfaced to CFOUR. 69 For the full triples and the perturbative quadruples calculations, we employed the augmented correlation consistent triple zeta basis set, aug-cc-pVTZ(+d for Cl), [70] [71] [72] [73] and the double zeta basis set, aug-cc-pVDZ(+d for Cl), respectively. Note that for HO coupled cluster corrections, it is possible to use successively smaller basis sets at each step up in excitation level due to faster convergence.
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In exploratory calculations, the contributions from the full quadruples
and from the perturbative pentuples E CCSDTQ(P) − E CCSDTQ were found to largely cancel each other out. Thus to reduce the computational expense, only ∆E T and ∆E (Q) were deemed necessary for an adequate representation of HO electron correlation.
Scalar relativistic effects ∆E SR were included through the one-electron mass velocity and Darwin terms (MVD1) from the Breit-Pauli Hamiltonian in first-order perturbation theory. 75 Calculations were performed with all electrons correlated (except for the (1s) of Cl)
at the CCSD(T)/aug-cc-pCVTZ(+d for Cl) 76,77 level of theory using the MVD1 approach 78 implemented in CFOUR. The contribution from the two-electron Darwin term is expected to be small enough to be neglected.
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The diagonal Born-Oppenheimer correction ∆E DBOC was computed again with the (1s)
orbital of Cl frozen and all other electrons correlated. Calculations employed the CCSD method 80 as implemented in CFOUR with the aug-cc-pCVTZ(+d for Cl) basis set. The DBOC is the contribution from the nuclear kinetic energy operator acting on the ground state electronic wavefunction. It is mass dependent, so separate contributions were generated for CH 3 35 Cl and CH 3 37 Cl.
The spin-orbit interaction was not considered as it can be safely neglected in spectroscopic calculations on light closed-shell molecules. 81 A simple estimate of the Lamb shift was also calculated from the MVD1 contribution, 82 but its effect on the vibrational energy levels was negligible. The differing levels of theory and basis set size reflect the fact that different HL energy corrections converge at different rates.
Grid points were generated using a random energy-weighted sampling algorithm of Monte Carlo type, in terms of nine internal coordinates: the C-Cl bond length r 0 ; three C-H bond lengths r 1 , r 2 and r 3 ; three ∠(H i CCl) interbond angles β 1 , β 2 and β 3 ; and two dihedral angles τ 12 and τ 13 between adjacent planes containing H i CCl and H j CCl (see Figure (1) ). This led to a global grid of 44 820 geometries with energies up to hc · 50 000 cm −1 , which included geometries in the range 1.
and 55 ≤ τ jk ≤ 185
• with jk = 12, 13. To ensure an adequate description of the equilibrium region, around 1000 carefully chosen low-energy points were also incorporated into the data set. At each grid point, the computed coupled cluster energies were extrapolated to the CBS limit using Eq.(2). 
B. Analytic representation
Methyl chloride is a prolate symmetric top molecule of the C 3v (M) symmetry group.
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Of the six symmetry operations {E, (123), (132), (12)
the cyclic permutation (123) replaces nucleus 1 with nucleus 2, nucleus 2 with nucleus 3, and nucleus 3 with nucleus 1. The permutation-inversion operation (12) * interchanges nuclei 1 and 2 and inverts all particles (including electrons) in the molecular centre of mass. The identity operation E leaves the molecule unchanged.
To represent the PES analytically, an on-the-fly symmetrization procedure has been implemented. We first introduce the coordinates
where a = 1.65Å −1 for the C-Cl internal coordinate r 0 , and b = 1.75Å −1 for the three C-H internal coordinates r 1 , r 2 and r 3 . For the angular terms
Here τ 23 = 2π − τ 12 − τ 13 , and r eq 0 , r eq 1 and β eq are the reference equilibrium structural parameters of CH 3 Cl. Taking an initial potential term of the form
with maximum expansion order i + j + k + l + m + n + p + q + r = 6, each symmetry operation
where X = {E, (123), (132), (12) * , (23) * , (13) * }, to create six new terms. The results are summed up to produce a final term,
which is itself subjected to the six C 3v (M) symmetry operations to check its invariance. The total potential function is then given by the expression In our fitting, energies below 15 000 cm −1 are favoured by the weight factors. For geometries where r 0 ≥ 2.35Å and r i ≥ 2.00Å for i = 1, 2, 3, the weights were reduced by several orders of magnitude. At such large stretch coordinates, the coupled cluster method is known to become unreliable, as indicated by a T1 diagnostic value > 0.02. 86 Although energies at these points may not be wholly accurate, they are still useful and ensure that the PES maintains a reasonable shape towards dissociation. (7), remained the same as before.
Each HL correction was fitted independently and the parameters r eq 0 , r eq 1 and β eq were optimized for each surface. The four HL corrections were applied at each of the 44 820 grid points, either from a directly calculated value at that geometry, or by interpolation using the corresponding analytic representation. Two final data sets were produced, one for each isotopologue of CH 3 Cl, the only difference being the contribution from the DBOC.
Two separate fits were carried out and in each instance we could usefully vary 414 expansion parameters to give a weighted root-mean-square (rms) error of 0. To assess the combined effect of the HL corrections and CBS extrapolation on the vibrational energy levels and equilibrium geometry of CH 3 Cl, we fit a reference PES to the raw CCSD(T)-F12b/cc-pVQZ-F12 energies. Again we used Watson's robust fitting scheme and 414 parameters to give a weighted rms error of 0.82 cm −1 for energies up to 50 000 cm −1 .
We refer to this PES as VQZ-F12 in subsequent calculations. Note that the CBS-(35/37) HL and VQZ-F12 PESs contain only slightly different parameter sets.
The choice of reference equilibrium structural parameters in our PES expansion is to some extent arbitrary due to the inclusion of linear expansion terms in the parameter set. 
III. RESULTS
A. Extrapolation to the Complete Vibrational Basis Set Limit
The nuclear motion code TROVE (Theoretical ROVibrational Energies) 51 is designed to calculate the rotation-vibration energy levels and corresponding transition intensities for a polyatomic molecule of arbitrary structure in an isolated electronic state. The flexibility of TROVE has allowed a range of molecular systems to be treated, 49, 52, 83, [89] [90] [91] [92] [93] [94] [95] [96] and for the present study the functionality has been extended to handle molecules of the form XY 3 Z. A multi-step contraction scheme is used to generate the vibrational basis set, the size of which is controlled by the polyad number
The quantum numbers n k correspond to primitive basis functions φ n k , which are obtained Computations were feasible up to P max = 14.
from solving one-dimensional Schrödinger equations for each of the nine vibrational modes by means of the Numerov-Cooley method. 98, 99 Using the definition of the polyad coefficient
, where ω k denotes the harmonic frequency of the kth mode, the polyad number for CH 3 Cl is P = n 1 + 2(n 2 + n 3 + n 4 ) + n 5 + n 6 + n 7 + n 8 + n 9 ≤ P max (14) which does not exceed a predefined maximum value P max .
Fully converged energies in variational calculations are usually obtained with the use of an extended basis set. We have only been able to compute J = 0 vibrational energies up to a polyad truncation number of P max = 14 for CH 3 Cl. As shown in Figure (4) , this requires the diagonalization of a Hamiltonian matrix of dimension close to 128 000, which in turn equals the number of primitive basis functions generated. The extension to P max = 16 using TROVE would be an arduous computational task.
One means of achieving converged vibrational energy levels without having to diagonalize increasingly large matrices, is the use of a complete vibrational basis set (CVBS) extrapolation. 52 In analogy to the common basis set extrapolation techniques of electronic structure theory, 100,101 the same principles can be applied to TROVE calculations with respect to P max . We adopt the exponential decay expression
where E i is the energy of the ith level, E CVBS i is the respective energy at the CVBS limit,
Energy / cm 35 Cl up to 5000 cm −1 with respect to P max = P CVBS . For illustrative purposes we restrict the range of ∆E(P max − P CVBS ) to 10 cm −1 .
A i is a fitting parameter, and λ i can be found from
Values of P max = {10, 12, 14} were employed for a CVBS extrapolation of all vibrational term values up to 5000 cm −1 , and for selected higher energies to compare with experiment.
This was done for the CBS-35 HL , CBS-37 HL , and VQZ-F12 PESs. In Figure ( possess a residual ∆E(P max − P CVBS ) larger than 0.1 cm −1 , none of which is greater than 0.3 cm −1 . As expected, levels involving highly excited modes benefit the most from extrapolation as these converge at a much slower rate.
The limiting factor of a CVBS extrapolation is the correct identification of the energy levels at each step up in basis set size. TROVE automatically assigns quantum numbers to the eigenvalues and corresponding eigenvectors by analysing the contribution of the basis functions. Due to the increased density of states above 5000 cm −1 for higher values of P max , it quickly becomes difficult to consistently identify and match levels, except for highly excited individual modes.
B. Vibrational J = 0 Energies
The normal modes of methyl chloride are classified by two symmetry species, A 1 and E. The calculated J = 0 energy levels for CH 3 35 Cl using the CBS-35 HL and VQZ-F12 PESs are listed in Table I . We compare against all available experimental data taken from Refs. 3 37 Cl. The accuracy of the 3ν 6 (E) level has also declined, but for energies leading up to 3000 cm −1 the agreement with experiment is excellent. Despite being unable to compare against higher energies we expect the CBS-37 HL PES to perform as well as its 35 Cl counterpart.
We have not computed term values for CH 3 37 Cl using the VQZ-F12 PES but we expect errors similar to those reported for CH 3 35 Cl. It is evident that for methyl chloride, the inclusion of additional HL corrections and a CBS extrapolation in the PES lead to considerable improvements in computed J = 0 energies. We have been able to identify and assign over 100 new energy levels for both CH 3 35 Cl and CH 3 37 Cl which we provide as supplementary material. 88 We recommend the CBS-35 HL and CBS-37 HL PESs for future use.
C. Equilibrium Geometry of CH 3 Cl
The equilibrium geometry of methyl chloride determined empirically by Jensen et al.
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has often served as reference. However the reliability of the axial rotational constants used in their analysis has been questioned. 104 The C-H bond length reported in Ref. 103 also appears too large to be consistent with ab initio calculations, and also with the isolated C-H 
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We compare against this as well as another high-level ab initio study.
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The equilibrium structural parameters calculated from the CBS-(35/37) HL PES and the VQZ-F12 PES are listed in For further validation we studied the pure rotational spectrum as rotational energies are highly dependent on the molecular geometry through the moments of inertia. In Table IV we present the calculated J ≤ 5 rotational energies in the ground vibrational state for CH 3 35 Cl using the CBS-35 HL PES. The computed values reproduce the experimental levels with a rms error of 0.0018 cm −1 . The CBS-(35/37) HL ab initio structural parameters reported in Table III can thus be regarded as reliable, and we expect the true equilibrium geometry of methyl chloride to be close to these values.
IV. CONCLUSIONS
Using state-of-the-art electronic structure calculations, we have generated two global ab initio PESs for the two main isotopologues of methyl chloride. We believe that the accuracy achieved by these PESs is at the limit of what is currently possible using solely ab initio methods, and that it would be extremely challenging to go beyond this without empirical refinement of the respective PESs. Considering that the PESs are purely ab initio constructs, the computed vibrational wavenumbers show remarkable accuracy when compared with experiment for both isotopologues. It is evident that higher-level energy corrections and an extrapolation to the complete basis set limit should be included to obtain accurate theoretical vibrational energies for CH 3 Cl. The same applies to the determination of equilibrium structural parameters.
For the requirements of high-resolution spectroscopy, the ab initio surfaces presented here will no doubt need to be refined to empirical data. 108 The resulting "spectroscopic PESs"
can then be used to achieve unprecedented accuracy in the simulation of rotation-vibration spectra, and it is at this stage that the predictive power of the variational approach is fully realised. The PESs presented in this work provide an excellent starting point for this procedure. Once the refinement is complete, a comprehensive rovibration line list applicable for elevated temperatures will be generated for methyl chloride as part of the ExoMol project. 
